Eukaryotic genomes often contain regions of DNA (called microsatellites or minisatellites) in which a single base or a small number of bases is tandemly repeated. In this paper, repetitive tracts with repeats of 1 to 13 bp will be considered microsatellites and tracts with repeats of more than 16 bp will be considered minisatellites. Both microsatellites and minisatellites are unstable, frequently undergoing deletions and additions (10, 13, 19) . In vitro replication experiments demonstrate that DNA polymerase frameshift errors occur in repetitive sequences (17) , and most of the available in vivo data suggest that alterations in microsatellite length reflect DNA polymerase slippage events (19, 27) . This mechanism predicts a transient dissociation of the template and the nascent strand during replication of the microsatellite (28) . Due to the repetitive nature of the tract, the two DNA strands can reassociate out of register, leaving one or more unpaired repeats on either the template or nascent strand (see Fig. 1 ). If the distortion caused by these unpaired bases is not removed from the newly synthesized strand by the DNA mismatch repair system, the result will be a loss (if the unpaired bases are on the template strand) or a gain (if the unpaired bases are on the nascent strand) of one or more repeats. As expected from this model, mutations in the genes required for DNA mismatch repair greatly increase the rate of instability of repetitive DNA sequences in Escherichia coli, the yeast Saccharomyces cerevisiae, and human cells (19, 22, 27) .
In E. coli, two of the proteins involved in DNA mismatch repair are MutS (involved in recognition of the DNA mismatch) and MutL (involved in interactions between MutS and other proteins) (22) . Homologs of these proteins have been identified in yeast and mammals. In yeast, the effects of mutations in the mutL homologs MLH1 and PMS1 and in the mutS homologs MSH2, MSH3, and MSH6 on the stability of a 33-bp poly(GT) repeat have been examined previously (14, 26, 27) . Mutations in MLH1, PMS1, and MSH2 (26, 27) destabilize the poly(GT) tract to roughly the same degree (100-to 300-fold), while msh3 and msh6 mutations have a much smaller effect (25-fold and 7-fold, respectively) (14, 26) ; altered tracts in the mutant strains usually have deletions or additions of single repeats. In the context of the DNA polymerase slippage model, the large effects of the mlh1, pms1, and msh2 mutants indicate a central role in the repair of two-base loops by the proteins encoded by these genes, with a different role for msh3 and msh6 (14, 21, 26) . When msh3 and msh6 were both mutated, the destabilization was roughly equivalent to the effect of the msh2 deletion (14) . On the basis of these and other studies, it was suggested that yeast cells have two DNA mismatch repair complexes, both of which contain Mlh1p, Pms1p, and Msh2p, and which contain either Msh3p or Msh6p (14, 21) . Each of these complexes has somewhat different repair specificities, the complex containing Msh6p preferentially recognizing basebase substitutions and the Msh3p-containing complex preferentially recognizing two-base loops.
Consistent with these genetic data, biochemical studies show that Msh2p-Msh3p and Msh2p-Msh6p form heterodimers (21) that bind mismatched DNA (2, 9, 12) . The Msh2p-Msh3p heterodimer binds loops of 2, 4, 8, and 14 bases (9, 23) . In addition, Msh2p binds mismatches and small displaced DNA loops in the absence of either Msh3p or Msh6p (3).
Although it is clear from the above-mentioned studies that the yeast DNA mismatch repair proteins can recognize and repair two-base loops, the maximum loop size that can be recognized by the yeast DNA mismatch repair proteins is not known. From analysis of the effects of msh2, pms1, and msh3 mutations on deletions in a pol3-t mutant background, Tran et al. (29) suggested that Msh2p, Pms1p, and Msh3p do not act on loops of 31 bp or more and correct loops of 7 bp with reduced efficiency. Bishop et al. (4) have shown that loops of 8 and 12 bases are repaired in vivo and that this repair is dependent on Pms1p. It should be noted that these 8-and 12-base loops were generated by insertion of XbaI linkers and are palindromic. In addition, the role of the MutS homologs in such repair was not tested. Parker and Marinus (24) have demonstrated MutLHS-dependent repair of loops of one, two, three, and four but not five bases in E. coli. In addition, larger loops of 5, 7, 9, 400, and 517 bases are not repaired in E. coli unless they are corepaired with a linked point mutation (5) . In contrast, Fishel et al. (7) found MutLHS-dependent repair of 10-base loops. Since these 10-base loops were generated by insertion of an XhoI linker, it was suggested that the secondary structure of such palindromic loops may allow MutS recognition in spite of the loop size (24) .
In vitro studies of mismatch repair in human cell extracts have shown roles for Mlh1p, Pms2p (equivalent to Pms1p in yeast), and Msh2p in repair of base-base mismatches and small (up to four-base) loops, whereas Msh6p is required to repair base-base mismatches and one-base loops but has small effects on loops of two to four bases (22) . Loops of more than four bases are repaired in vitro independently of Mlh1p, and the role of Msh2p in the repair of larger loops is not yet clear (31) .
Below, we investigate the effects of different mismatch repair genes in yeast on the stability of repetitive tracts with repeat unit lengths varying from 1 to 20 bp. There are three rationales for this analysis. First, information concerning the nature of the substrates affected by the DNA mismatch repair complex is important for understanding the mechanism of DNA repair. Second, since human genes contain repetitive tracts of various sizes within their coding sequences, measurements of the rates of instability of repetitive tracts in yeast strains with mutations affecting DNA mismatch repair may help identify human genes at risk for mutation in tumor cells that have a DNA mismatch repair defect. Third, measurements of the rates of microsatellite and minisatellite alterations in wild-type strains are important for predicting what loci are likely to be polymorphic. This consideration is important for both genetic mapping studies and for evolutionary comparisons.
MATERIALS AND METHODS
Yeast strains and plasmids. Strains used in this study were derived from S. cerevisiae AMY125 (␣ ade5-1 leu2-3 trp1-289 ura3-52 his7-2 [obtained from A. Morrison and A. Sugino, Osaka University, Osaka, Japan]). MS71 (a LEU2 derivative of AMY125) and GCY140 (MS71 msh3) have been described previously (26) . GCY177 (MS71 msh2 msh3) is isogenic to the previously described GCY178 (26) . EAS38 (AMY125 msh6) was constructed by one-step transplacement of AMY125 with a partial EcoRI digest of plasmid pEAS6. Plasmid pEAS6 was constructed by amplifying the 5Ј and the 3Ј ends of the MSH6 gene by PCR and inserting the LEU2-containing PstI fragment from CV9 between these two amplified fragments in pUC18. EAS73 and EAS74 were constructed from MS121 (AMY125 msh2) (32) by insertion of a LEU2 gene by using CV9 (27) . Although EAS73 mates poorly and is likely to have an unselected additional mutation relative to EAS74, rates of tract instability in EAS73 and EAS74 were indistinguishable. EAS55 (MS71 msh2 msh6), EAS57 (MS71 msh3 msh6), and EAS59 (MS71 msh2 msh3 msh6) were constructed by dissection of a diploid obtained by mating either GCY177 or GCY178 with EAS38. The MSH2, MSH3, and MSH6 alleles were screened by PCR amplification and subsequently verified by Southern blot hybridization.
The wild-type and mutant strains were transformed with the plasmids pMD28, pSH44, pBK1, pBK3, pBK10, and pEAS20; MS71 and EAS59 were also transformed with pMD40, pMD41, pMD44, and pMD45. Plasmid pSH44 (10) has a poly(GT) tract of 33 bp inserted in frame within the URA3 gene; this GT tract can be removed from pSH44 by digestion with SalI and XhoI. To create reporter plasmids with different repeated tracts, we annealed complementary oligonucleotides with cohesive XhoI and SalI ends (as described in reference 10) and ligated these oligonucleotides to SalI-and XhoI-digested pSH44. The plasmids and the oligonucleotides used in their construction were as follows: pMD28, 5Ј TCGAGA(G) 18 AC 3Ј and 5Ј TCGAGT(C) 18 TG 3Ј; pBK1, 5Ј TCGACA(CAG T) 16 C 3Ј and 5Ј TCGAG(ACTG) 16 TG 3Ј; pBK3, 5Ј TCGACA(CAACG) 15 AC 3Ј and 5Ј TCGAGT(CGTTG) 15 TG; pBK10, 5Ј TCGAC(CAATCGGT) 10 C 3Ј and 5Ј TCGAG(ACCGATTG) 10 G 3Ј; pMD45, 5Ј TCGACT(AACGCAATGC) 6 AC 3Ј and 5Ј TCGAGT(GCATTGCGTT) 6 AG 3Ј; pMD41, 5Ј TCGAC(AACGCA ATGCG) 4 C 3Ј and 5Ј TCGAG(CGCATTGCGTT) 4 G 3Ј; pMD44, 5Ј TCGAC (AACGCAATGCGTC) 4 AC 3Ј and 5Ј TCGAGT(GACGCATTGCGTT) 4 G 3Ј; pMD40, 5Ј TCGACT(CAACGCAATGCGTTGG) 4 C 3Ј and 5Ј TCGAG(CCA ACGCATTGCGTTG) 4 AG 3Ј; and pEAS20, 5Ј TCGACT(CAACGCAATGCG TTGGATCT) 3 AC 3Ј and 5Ј TCGAGT(AGATCCAACGCATTGCGTTG) 3 AG 3Ј. The ligated products were transformed into E. coli DH5␣. Transformants were screened by restriction analysis, and positive clones were verified by DNA sequence analysis.
Analysis of stability of repeated sequences and can1 mutation rates. The yeast strains transformed with the above-mentioned plasmids are phenotypically Ura ϩ because the repeated tracts are in frame with the URA3 coding sequence. These strains fail to grow on medium containing 5-fluoroorotate (5-FOA), which selects for Ura Ϫ cells. To determine the rate of instability, we measured the frequency of 5-FOA-resistant (5-FOA-R) colonies in 12 to 20 cultures, as described previously (10) . We used the method of the median developed by Lea and Coulson (18) to calculate rates from the frequency data. The experiments were done at least twice, using two different transformants of each strain. For all strains, the rates in duplicate experiments were within 2.5-fold and the rates were averaged.
To measure the mutation rate at the CAN1 locus to resistance to canavanine (an analog of arginine), we inoculated individual colonies into 5-ml aliquots of liquid rich growth medium and allowed the cultures to reach stationary phase. The cells were harvested by centrifugation, washed once with water, and resuspended in 1 ml of sterile water. Aliquots were plated on solid medium lacking arginine and containing canavanine (to measure the frequency of canavanineresistant cells) and on medium lacking both arginine and canavanine (to measure the total number of viable cells). Rates were calculated from the frequency data as described above.
Analysis of the length of altered tracts. The lengths of the tracts in the 5-FOA-R colonies derived from strains containing pMD28, pSH44, and pBK1 were determined by performing PCR amplification in the presence of labeled nucleotide (dATP) with primers (5Ј CCAATAGGTGGTTAGCAATCG 3Ј and 5Ј GTTTTCCCAGTCACGAC 3Ј) that flank the repeated tracts (26) . The products were analyzed on 6% denaturing polyacrylamide gels. The lengths of the tracts in the 5-FOA-R colonies derived from strains containing pBK3, pBK10, pMD45, pMD41, pMD44, pMD40, and pEAS20 were determined by performing PCR amplification with the primers described above and analyzing the products by agarose gel electrophoresis using standard or Metaphor (FMC BioProducts, Rockland, Maine) agarose gels. Ambiguities and new classes of alterations were verified by DNA sequence analysis.
RESULTS AND DISCUSSION
Experimental rationale. The roles of DNA mismatch repair proteins in repairing various types of mismatches can be analyzed by a variety of in vivo and in vitro methods. In our study, we examined the stability of microsatellites of different repeat unit sizes in yeast strains with mutations in different mismatch repair genes. Since changes in the microsatellites are predicted to occur by mispairing of the DNA strands during DNA replication, they are expected to generate intermediates containing unpaired loops on either the nascent or template strand. It is likely, although not proven, that there will also be a distortion on the strand opposite the displaced loop ( Fig. 1 ). If these mismatches or loops are removed from the newly synthesized DNA strand by DNA mismatch repair, the instability of the tracts should increase in mismatch repair-defective strains. For example, if an msh2 mutant strain has an elevated rate of additions and deletions of single repeats in a dinucleotide FIG. 1. DNA polymerase slippage model for microsatellite instability. Following a dissociation of the primer and template strands during DNA replication, the strands reanneal, resulting either in a displaced loop on the template strand (left side of figure) or in a displaced loop on the nascent strand (right side of figure) . If the resulting mismatches are not corrected, the microsatellite on the newly synthesized strand will lose (left side) or gain (right side) one repeat. microsatellite compared to the rate observed in a wild-type strain, we can conclude that the Msh2p has a role in the repair of two-base loops in the wild-type cell.
To measure the rate of tract alterations, we employed a frameshift assay, similar to that described previously (10) . We used six different reporter plasmids which are identical except for the repetitive tracts inserted in frame with the URA3 coding sequence. The repetitive tracts were as follows: (G) 18 (pMD28), (GT) 16 .5 (pSH44), (CAGT) 16 (pBK1), (CAACG) 15 (pBK3), (CAATCGGT) 10 (pBK10) and (CAACGCAATGCG TTGGATCT) 3 (pEAS20). These repeats were designed to be nonpalindromic and, where possible, to contain a 1:1 ratio of purines to pyrimidines. Cells containing these plasmids are phenotypically Ura ϩ . Cells with alterations in the tracts leading to out-of-frame insertions can be selected on medium containing 5-FOA, which is toxic to cells expressing the Ura3p. To confirm that the 5-FOA-R derivatives contained altered tracts, we analyzed about 20 independent isolates derived from each strain. These data are summarized in Tables 1 and 2 .
Rates of tract alterations and types of alterations in wildtype (mismatch repair-proficient) strains. Plasmids with repeat unit lengths of 1, 2, 4, or 5 bp had similar numbers of repeats per tandem array (15 to 18). The stabilities of the microsatellite sequences with 1-, 2-, or 4-bp repeat units were quite similar in wild-type strains (5 ϫ 10 Ϫ6 to 8 ϫ 10 Ϫ6 tract alteration/cell division). The tracts with the 5-bp repeat were about fourfold less stable than the tracts with smaller repeat units. In contrast to the shorter repeats, there were only 10 copies of the 8-bp repeat and three copies of the 20-bp repeat. The smaller numbers of repeats for tracts with repeat units of 8 and 20 bp make a direct comparison to the other data difficult. It is clear, however, that the 20-base repeat is strikingly unstable. Although there are only three copies of the repeat, the instability (7.4 ϫ 10 Ϫ5 tract alteration/cell division) is about 10-fold greater than microsatellites with 1-, 2-, or 4-bp repeat units. As we will discuss below, the instability of the 20-bp repeat may, in part, reflect the inability of the mismatch repair system to repair 20-base loops. Previously, Das et al. (6) reported a high rate (3 ϫ 10 Ϫ5 deletion/cell division) of reversion for a 19-bp duplication within the yeast CYC1 gene.
The types of tract alterations were examined for all plasmids in all wild-type strains by PCR methods (as described in Materials and Methods) or by DNA sequencing (Table 2) . Tract alterations in the mono-and dinucleotide microsatellites generally involved deletions or additions of one repeat as shown previously (10) ; for both of these microsatellites, insertions of a single repeat were more common than deletions. For microsatellites with longer repeat unit length, in addition to alterations involving one repeat, larger additions and deletions were also common. Changes involving more than four repeats were more often deletions than insertions ( Table 2) .
Rates of microsatellite instability in mismatch repair-deficient strains. We determined the stability of each of the repeated tracts in strains containing mutations in the DNA mismatch repair genes msh2, msh3, and msh6 and all combinations of these mutations (Table 1 ). In addition, we measured the rate of forward mutation at the CAN1 locus, as an estimate of the rate of mutations that do not represent microsatellite alterations. We assume most of these mutations represent base substitutions as observed in other studies (21 mutation/cell division. These rates are similar to those observed previously (14, 21) . A number of generalizations concerning these data can be made. First, except for the tandem array of 20-bp repeat units, microsatellite instability is increased by the msh2 mutation, indicating that Msh2p is involved in the repair of loops of 8 a These rates (in tract alterations per cell division) were determined by multiplying the rate of 5-FOA-R by the ratio of the number of tracts with alterations to the total number of isolates analyzed. The numbers in parentheses represent the rates of alteration (fold) relative to those of the wild-type strain for each repeat.
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ bases or less but not detectably involved in the repair of 20-base loops. Similarly, the msh3 mutation affects the stability of all microsatellites tested (except for the 20-bp repeat); msh3 has an effect smaller than that of msh2 for the mono-and dinucleotide repeats but identical effects with microsatellites composed of larger repeat units. The msh6 mutation destabilizes mono-and dinucleotide repeats to a small extent and has no effect on microsatellites with larger repeat units. The msh3 msh6 double mutant strain results in the same level of microsatellite instability as observed for the msh2 mutant strain. The magnitude of the destabilizing effects in the double mutant in strains with the mono-or dinucleotide repeats is much greater than expected from the additive effects of the two mutations, suggesting a synergistic interaction of the two gene products.
Finally, the rates of instability observed in strains with only the msh2 mutation are approximately the same as the rates found in msh2 strains that have additional msh mutations. Our conclusions based on these results are similar to those of other researchers (14, 21) . There are two mismatch repair complexes in yeast, one involving Msh2p and Msh6p (complex 1) and one involving Msh2p and Msh3p (complex 2). Complex 1 can repair base-base mismatches and one-or two-base loops but has no ability to repair loops of 4 bp or more. Complex 2 does not efficiently repair base-base mismatches but is capable of repairing loops of one, two, four, five, and eight bases. Neither complex is capable of efficiently repairing 20-base loops.
It is likely that both complex 1 and complex 2 include a heterodimer of Mlh1p and Pms1p, since mlh1 and pms1 mutants have effects on the rates of mutation similar to those of msh2 for base-base mismatches and dinucleotide repeat alterations (16, 27) . We examined this issue further by transforming strains with mlh1 or pms1 mutations (otherwise isogenic with the other strains used in this study) with the assay plasmids with repeat unit lengths of 1, 4, 5, 8, and 20 bases. We found rates of 5-FOA-R that were within a factor of 1.5 of those observed in msh2 strains (data not shown). Although the sequence alterations in these 5-FOA-R derivatives were not examined, this result strongly suggests that Mlh1p and Pms1p act with Msh2p in repairing DNA loops. It should be stressed, however, that our results do not rule out complexes with other combinations of the known DNA mismatch repair proteins or complexes with as yet uncharacterized repair proteins. Several additional points concerning these conclusions should be mentioned. Since our fluctuation tests yield rates reproducible to within a factor of two, we cannot rule out a small amount of repair of 20-base loops by complex 2. A role of Msh2p in the meiotic repair of 26 base loops has recently been demonstrated (15a) . In addition, we cannot exclude the possibility that tandem arrays with larger repeat units change length by unequal recombination rather than DNA polymerase slippage and, therefore, do not generate intermediates with mismatched loops. Changes in the lengths of mammalian minisatellites appear to reflect recombinational mechanisms (13) . This possibility, however, is unlikely to account for the instability of the 20-bp minisatellite for two reasons. First, the rate of mitotic recombination between 50-bp nontandemly arranged regions of homology is 10 Ϫ10 (1), six orders of magnitude less frequent than the tract changes. Second, the stability of the 20-bp minisatellite is unaffected by mutations in RAD52 (data not shown), which encodes a gene product required for most types of recombination (25) .
The high degree of microsatellite instability in msh2 strains emphasizes the high frequency of errors made during DNA replication of simple repetitive tracts and the importance of the mismatch repair system in maintaining the integrity of microsatellites in the genome. The rate of tract alteration of the poly(G) tract was 2 to 4%/cell division (2,800-to 6,000-fold relative to the wild type). Two other studies (8, 30) , using a different approach, have shown high rates of instability for smaller homopolymeric tracts within the coding sequence of yeast genes. These results suggest that genes containing simple repeats will be preferentially targeted for mutations in msh2 cells. In agreement with this conclusion, in mismatch repairdeficient tumor cell lines alterations in simple repetitive tracts in the transforming growth factor beta receptor gene (20) and APC gene (11) have been detected. In addition, destabilization of microsatellites observed in msh2 cells could affect the structure and function of structural elements of the chromosome (such as the centromere and telomere) that have repetitive DNA sequences.
Tract alterations in yeast strains with mutations affecting DNA mismatch repair. The types of alterations were examined for all of the tracts in all strains listed in Table 1 except strains with the msh2 mutation containing the mononucleotide microsatellite ( Table 2) . Because of the extremely high rate of instability of this tract in any strain containing an msh2 mutation, plasmids rescued from a single 5-FOA-R colony always had multiple changes (usually deletions of 1 to 3 bp). In wildtype strains or strains with msh3 or msh6 mutations, most alterations were single-base pair changes, with insertions predominating in the wild-type strain and deletions predominating in the mutant strains.
For all strains except the msh6 strain, most of the changes in the dinucleotide tracts were additions or deletions of a single repeat unit of 2 bp. In the msh2 strain, about half of the events were deletions and half were insertions, while the msh3 strain, as previously published (14, 26) , displayed a bias for deletions. In the msh6 strain, almost half of the plasmids had no changes in the repeated tract. These plasmids presumably confer 5-FOA-R by a point mutation in the URA3 fusion gene. This finding is consistent with a role for Msh6p in the correction of base-base mispairs.
In the strains with msh2 or msh3 mutations and microsatellites with 4-, 5-, and 8-bp repeats, most of the changes represented additions or deletions of single repeats, with a bias for deletions. Strains with the msh6 mutation had a broader spectrum of changes, similar to that observed for the wild-type strain. This pattern is expected since the msh6 mutation does not alter the stability of microsatellites with repeat units larger than two bases. For all strains, most of the changes in the 20-bp repeated tract were deletions of a single 20-bp repeat. However, in the mismatch repair-deficient strains, there were significantly more Ura Ϫ plasmids isolated that contained no change in the repeated tract. This result is expected, because the DNA mismatch repair system has no effect on the stability of the 20-bp repeat but elevates the frequency of base substitution mutations.
In order to define further the largest loop capable of repair by complex 1 or 2, we constructed plasmids with the following repetitive tracts: pMD45 with six 10-bp repeats [(AACGCAA TGC) 6 ], pMD41 with four 11-bp repeats [(AACGCAATGC G) 4 ], pMD44 with four 13-bp repeats [(AACGCAATGCGT C) 4 ], and pMD40 with four 16-bp repeats [(CAACGCAATG CGTTGG) 4 ]. The rate of tract alterations and types of changes in wild-type and msh2 msh3 msh6 strains are shown in Table 3 . As seen with the smaller repeat units, the repetitive tract with the 10-bp repeat was destabilized (3.5-fold) in the mismatch repair-deficient strain and a significantly higher number of the alterations were deletions of a single 10-bp repeat compared to those observed in the wild-type strain (P ϭ 0.005). Both the 11-and 13-bp repetitive tracts were roughly twofold less stable in the mismatch repair-deficient strain. As observed for the 10-bp microsatellite, the types of alterations in the mutant strains were significantly (P ϭ 0.0001) different from those seen in the wild-type strain. In contrast, the 16-bp repeat displayed the same stability in the mutant and wild-type strains and the spectrum of changes was not significantly different.
Efficiency of DNA mismatch repair in vivo. The information in Tables 1 to 3 can be used to estimate the efficiency of DNA mismatch repair in vivo for different types of microsatellites. One approach to this calculation is to compare the rates of instability in strains with msh2 mutations to the rate observed in wild-type strains. If we denote the rate of instability in msh2 strains as R M and the rate of instability in the wild-type strain as R WT , then we can calculate the percentage efficiency of correction (EC) for a particular mismatch as follows: EC ϭ [(R M Ϫ R WT )/R M ]ϫ100. As shown in Fig. 2 , the efficiency of correction for microsatellites with single-base loops is extremely high (greater than 99.9%). Although correction becomes less efficient as the repeat unit becomes larger, it is still 95% efficient for an 8-bp repeat. The EC value is a minimal estimate of correction efficiency for two reasons. First, some alterations might arise outside of the S period and be inaccessible to complex 1 or 2. On the basis of studies of genetic interactions between rad52 and pms1, Tran et al. (29) suggested that certain types of mutations (for example, mutations generated during error-prone DNA repair synthesis) may be immune to correction by the standard mismatch repair system. Second, there may be competitive interactions between com-plexes 1 and 2 and uncharacterized mismatch repair systems. Thus, in the absence of complexes 1 and 2, the uncharacterized mismatch repair system could repair more mismatches than it would repair in the presence of these complexes, leading to an underestimate of the rate of instability in strains with complex 1 or 2 mutations.
In the calculation described above, we included all types of alterations, regardless of the size of the alteration or the type (deletion or addition). For the repeats of two, four, five, and eight bases, we also calculated the efficiency of repair considering only changes involving single repeats and calculating the efficiency separately for additions and deletions. The ϩ1 changes correspond to uncorrected unpaired loops on the nascent strand, and the Ϫ1 changes correspond to loops that form on the template strand (Fig. 1) . As shown in Fig. 2 , the repair of unpaired loops on the template strand is highly efficient and varies little with the size of the repeat (between 99.9% for the mononucleotide repeat and 99.5% for the 8-bp repeat). The efficiency of correction for unpaired loops on the nascent strand, however, shows a clear decrease with the size of the repeat unit. It appears that the mismatch repair system preferentially corrects loops that would otherwise form single-unit deletions (loops on the template strand) over loops that would form insertions (loops on the nascent strand). Because either deletions or additions could arise as a result of slippage during replication of either the leading or lagging DNA strand, we cannot determine from these data whether a bias exists for slippage during leading-or lagging-strand synthesis.
We propose three models to explain the discrepancy between the repair of loops of the same size on the nascent and template strands. As shown in Fig. 1 , the mismatch formed as a consequence of DNA polymerase slippage is asymmetric, with one strand containing a loop representing the displaced repeat and the other strand containing a smaller distortion. One explanation of our results is that the recognition and/or repair efficiency of the mismatch is based primarily on the nature of the mismatch on the newly synthesized strand. Thus, the repair efficiency would be unchanged for events involving unpaired repeats on the template strand. An alternative possibility is that the recognition of both types of mismatches is equivalent, but the repair of mismatches involving loops on the nascent strand requires an additional factor that is sensitive to loop size. One candidate for such a factor may be the yeast 5Ј-to-3Ј exonuclease Rth1p. Mutations of this gene increase the instability of poly(GT) tracts, and the tract alterations display a strong bias for ϩ1 repeat insertions (15) . A third possibility is that the observed patterns of repair are influenced by an unidentified loop repair system that has a preference for the repair of large loops on the nascent strand and competes with complex 2. Development and characterization of a yeast in vitro mismatch repair system might distinguish among these possibilities.
We also calculated the efficiency of correction of mismatches resulting in the loss of one repeat for all repeat units tested, using the data in Tables 1 to 3 . As shown in Fig. 3 , unpaired loops of up to 13 bases are repaired with an efficiency of about 90% or more while loops of 16 bases and more show no evidence of mismatch repair-dependent correction. These data indicate that the maximum loop size efficiently recognized by complex 1 or 2 is between 13 and 15 bases. Although we cannot rule out the effects of DNA sequence within the loop on repair, the simple relationship between loop size and efficiency of repair shown in Fig. 3 suggests that the efficiency of repair primarily reflects loop size. a These rates (in tract alterations per cell division) were determined by multiplying the rate of 5-FOA-R by the ratio of the number of tracts with alterations to the total number of isolates analyzed. The numbers in parentheses represent the rates of alteration (fold) relative to those of the wild-type strain for each repeat.
b Numbers in column headings are numbers of repeat units added (ϩ) or deleted (Ϫ).
Three other points concerning the relationship between DNA loop repair and the mismatch repair system should be mentioned. First, since (as mentioned above) Msh2p appears to be involved in the meiotic repair of 26-base loops, the properties of DNA repair complexes in meiosis and mitosis may be different. Second, Wierdl et al. (33) found that large (51-bp) poly(GT) dinucleotide tracts in wild-type yeast strains frequently undergo large deletions. Almost all of these deletions remove at least 16 bp. This result was interpreted as indicating that DNA mismatch repair efficiently corrects loops smaller than 16 bp but does not efficiently correct loops larger than 16 bp. This conclusion is in good agreement with the present study. Third, the distinction between microsatellites and minisatellites is arbitrary, and different authors use different boundaries between the two classes. We suggest the effect of DNA mismatch repair be used as the criterion for distinguishing between the two classes. Thus, we propose that microsatellites include repetitive tracts with repeat lengths of 1 to 13 bp and minisatellites include repetitive tracts with repeat lengths of 16 bp or more. Although this distinction may be yeast specific (if the properties of DNA loop repair are organism specific), the conservation of the proteins involved in DNA repair in eukaryotes (22) is likely to be reflected in similar mechanisms of DNA loop repair. Fourth, although our results indicate that DNA loops of 16 bases or more are inefficiently recognized by the known DNA mismatch repair system, such loops may be capable of correction by DNA mismatch repair systems that have not yet been characterized.
